Fluidization velocity assessment of commercially available sulfur particles for use in autotrophic denitrification biofilters  by Christianson, Laura & Summerfelt, Steven
F
p
L
T
a
A
R
A
K
D
F
S
A
1
c
i
d
g
R
i
i
c
v
v
t
n
A
T
f
l
h
0Aquacultural Engineering 60 (2014) 1–5
Contents lists available at ScienceDirect
Aquacultural  Engineering
jo ur nal home p ag e: www.elsev ier .com/ locate /aqua-onl ine
luidization  velocity  assessment  of  commercially  available  sulfur
articles  for  use  in  autotrophic  denitriﬁcation  bioﬁlters
aura  Christianson ∗, Steven  Summerfelt
he Conservation Fund Freshwater Institute, 1098 Turner Road, Shepherdstown, WV 25443, United States
 r  t  i  c  l  e  i  n  f  o
rticle history:
eceived 20 December 2013
ccepted 6 March 2014
eywords:
enitriﬁcation
luidized bioﬁlter
ulfur
utotrophic
a  b  s  t  r  a  c  t
There  has  been  no  evaluation  of sulfur-based  autotrophic  denitriﬁcation  using  ﬂuidized  bioﬁlters  in a
recirculating  aquaculture  system  to mitigate  nitrate-nitrogen  loads. The  objectives  of this  work  were to
quantify  the particle  size  distribution,  speciﬁc  surface  area,  and  ﬂuidization  velocities  of  three  commer-
cial  sulfur  products  to provide  a proof  of  concept  assessment  of the  ability  of sulfur  particles  to  serve  in a
ﬂuidized  denitriﬁcation  reactor  for nitrate  removal  from  aquaculture  efﬂuent.  The ﬁnest of  the  products,
an elemental  sulfur  powder  with  an  effective  size  of  0.08  mm,  provided  greater  bed speciﬁc  surface  area
(32,300  m2 m−3) than  ﬁne  sands  typically  used  in  ﬂuidized  bioﬁlters,  and  had corresponding  very  low  ﬂu-
idization  velocities  (0.2  cm  s−1 at 60%  bed  expansion).  Of  the other  two sulfur  media  tested,  the granular
product  (0.30  mm  effective  size)  was  slightly  more  promising  as  its speciﬁc  surface  area  (4110  m2 m−3)
and superﬁcial  velocity  to expand  60%  (1.87  cm  s−1) fell  near  the  reported  range  often  used  for  ﬂuidized
sand.  The  sulfur  ﬂake  product  (0.95 mm  effective  size)  was  not  recommended  due to high  required  ﬂu-
idization  velocities  (5.0  cm  s−1 at 60%  bed  expansion),  relative  particle  friability,  and  lower  speciﬁc  surface
area  (1990  m2 m−3). Further  investigation  of ﬂuidized  bioﬁlters  for sulfur-based  autotrophic  denitriﬁca-
tion  will  increase  understanding  of the  nitrate-removal  performance  and  cost  efﬁciency  of  this  innovative
concept  for  reduction  of nitrate  in  aquaculture  efﬂuent.
© 2014  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license. Introduction
Reliable and cost effective nitrate removal from water recir-
ulating aquaculture systems (RAS) is becoming increasingly
mportant for this industry to meet the expanding market-based
emand for sustainably produced seafood. Innovative technolo-
ies to remove nitrate from the recirculated water and from the
AS discharge will be especially critical for mitigation of the toxic
mpacts of nitrate and for reduction in water requirements allow-
ng industry expansion in areas with water quantity and quality
oncerns. Fluidized bioﬁlters are one such technology that pro-
ides efﬁcient and cost-competitive water treatment by providing
ery high speciﬁc surface area for bacterial activity in a reactor
hat does not plug due to bioﬁlm growth (due to its expanded
ature) despite very small bioﬁlter footprints (Summerfelt, 2006).
lthough ﬂuidized sand bioﬁlters have been trialed for both
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nitriﬁcation and heterotrophic denitriﬁcation of RAS waters (Arbiv
and van Rijn, 1995; Gelfand et al., 2003; Shnel et al., 2002;
Summerfelt, 2006), and laboratory-scale experiments have shown
the potential of sulfur-based ﬂuidized reactors to denitrify waste
water and groundwater (Davidson and Cormack, 1993; Kim et al.,
2004), the use of ﬂuidized bioﬁlters for autotrophic sulfur-based
denitriﬁcation of aquaculture waste water is a novel concept.
Sulfur-based autotrophic denitriﬁcation involves the use of
reduced sulfur (e.g., hydrogen sulﬁde, elemental sulfur) as the elec-
tron donor and nitrate as the terminal electron acceptor in the
denitrifying bacteria’s electron transport chain (Eq. (1)) (Pan, 2007;
USEPA, 1978). Similar to heterotrophic denitrifying bacteria, sulfur-
based autotrophic denitriﬁers require anoxic conditions, although
the carbon source required for this chemo-autotrophic process is
derived from inorganic carbon (e.g., carbon dioxide, bicarbonate).
1.0NO3
− + 1.10S + 0.40CO2 + 0.76H2O + 0.080NH4+
→ 0.080C5H7O2N + 0.50N2 + 1.10SO42− + 1.28H+ (1)Despite the limitation of lower growth rates for autotrophs
versus heterotrophs (Metcalf and Eddy, 2003), autotrophic denitri-
ﬁcation does not require an exogenous carbon source and produces
nder the CC BY license (http://creativecommons.org/licenses/by/3.0/).
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Table 1
Supplier description of elemental sulfur ﬂake, grain, and powder products trialed in
ﬂuidization testing.
Sulfur media Supplier and product
code
Supplier particle size
description
Flake Georgia Gulf Sulfur
Code 420
99.5% minimum
through 4.76 mm (#4
mesh); 5% maximum
through 0.84 mm (#20
mesh)
Grain Georgia Gulf Sulfur
Customer Code 1660;
distributed by Prince
Agri Products, Inc.,
Quincy, Illinois, USA
99.0% minimum
through 1.68 mm (#12
mesh); 10% maximum
thorough 0.25 mm
(#60 mesh)
Powder Georgia Gulf Sulfur 60% to 80% through
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Carroll, Inc., Ohio, USA
0.07 mm (#200 mesh)
ess sludge, thus minimizing cost and labor versus a heterotrophic
enitriﬁcation treatment (Lampe and Zhang, 1996; van Rijn et al.,
006). While the production of hydrogen sulﬁde that may  form
nder very reduced conditions could be a serious ﬁsh health con-
ern, Cytryn et al. (2003) reported such sulﬁde could be reoxidized
o less toxic forms by autotrophic denitriﬁers within a bioﬁlter.
This potentially underutilized nitrate-removal approach holds
romise as elemental sulfur is a fairly non-toxic, commonly avail-
ble product widely used as an agricultural soil amendment and
ungicide (Batchelor and Lawrence, 1978; Bolan and Hedley, 2003).
ulfur media has been used within packed-bed denitriﬁcation reac-
ors (Koenig and Liu, 1996; Lee et al., 2001; Sengupta and Ergas,
006), but these systems have much lower speciﬁc surface area,
nd are more susceptible to plugging, channelization, and higher
ressure drops compared to ﬂuidized reactors. Before sulfur-based
utotrophic denitriﬁcation in ﬂuidized beds can be tested for deni-
riﬁcation of RAS waters, it is essential to determine the particle
haracteristics and ﬂuidization velocity of commercially available
lemental sulfur particles. The objectives of this work were to quan-
ify the effective particle size (D10), particle and bed speciﬁc surface
reas, and superﬁcial velocities required to achieve a range of bed
xpansions. Three commercial sulfur products were evaluated to
rovide a proof of concept assessment of the ability of sulfur parti-
les to serve in a ﬂuidized denitriﬁcation reactor for nitrate removal
rom aquaculture efﬂuent.
. Method and materials
The three elemental sulfur materials tested were described as
ﬂakes”, “grains” and “powder” (Table 1; Fig. 1). Particle size distri-
ution analyses of the ﬂakes and powder were performed in August
013 at the USGS Leetown Science Center in Leetown, WV  (ASTM,
006); a particle size analysis was available from the grain distrib-
tor (per. comm.  Prince Agri Products, Inc., Quincy, IL, USA). Due to
ery small standard deviations observed during the triplicate pow-
er size testing (i.e., deviations ≤1% size by mass), only one particle
ize analysis was performed for the ﬂakes, thus data presented was
nly one replicate of each of the three medias. Based on these data,
article speciﬁc surface area, Sp (Eq. (2)), was calculated:
p = sphere surface areasphere volume =
6
D
(2)
here D was assumed to be D50 from the analysis (i.e., the
creen size through which 50% of the material by mass passed)
Summerfelt, 2006). Despite the ﬂake-orientation of the sulfur
ake media (i.e., not spherical), Eq. (2) was nevertheless used as
he sphericity required for more precise surface area approxima-
ion (e.g., Summerfelt, 2006) was not easily estimable. Bed speciﬁcltural Engineering 60 (2014) 1–5
surface area, Sb, was  calculated from particle speciﬁc surface area
(Eq. (3)):
Sb = Sp(1 − ε) (3)
where ε was  the media porosity which was assumed to be 45% for all
media. Additionally, the uniformity coefﬁcient (UC), an indication
of gradation of the particles, was calculated as the D60 divided by
the D10, both which were interpolated from the sieve analyses.
Fluidization testing of three sulfur materials was  performed in
June–December 2013 at The Conservation Fund Freshwater Insti-
tute in Shepherdstown, WV,  USA, following testing methods from
Summerfelt (2006). The testing apparatus consisted of a pump (or
hose, in the case of the ﬂakes), ﬂow-control gate valve, check valve,
and sulfur-ﬁlled column with a ﬂow distribution plate at the bot-
tom. The up-ﬂow, sulfur-ﬁlled column overtopped into a tank from
which overﬂow ﬂow rates (i.e., column ﬂow rates) were measured
using a stopwatch and a container of known volume. The column
was fed tap water with either a hose (ﬂakes) or a pump (grains and
powder; Little Giant Model 5-MSP, Oklahoma City, OK), though ﬂow
into the column was always controlled with the gate valve. A clear
glass column (15 cm dia., 1.81 m length) was used for testing the
ﬂakes, whereas a clear PVC column (3.8 cm dia., 1.22 m length) was
used for testing the limited sample volume of the grains and pow-
der; despite potentially higher drag forces in the smaller column
due to greater prevalence of column edge effects, this method-
ology was required due to the limited grain and powder sample
volume provided by the supplier. Graded tape on the column facil-
itated bed height and expansion measurement. The ﬂuidization
tests were done once for each media type with at least ﬁve read-
ings at each bed expansion for water temperatures bracketing at
most a 4 ◦C temperature difference. Testing was performed in the
facility’s greenhouse, meaning the ambient temperature was  difﬁ-
cult to control; water temperature varied from 16.5 to 32 ◦C. Due to
their hydrophobic nature, the grains and powder tended to clump
when ﬁrst wetted. Therefore, the grains and powder were ﬂuidized
for 24 h prior to testing. Additionally, the powder was wetted in a
small, continuously stirred mixing tank for 24 h prior to this.
3. Results and discussion
3.1. Particle size analysis
Based on visual observation (Fig. 1), the range in particle size
distribution between the three media was not surprising (Fig. 2).
The powder (0.08 mm)  and the ﬂakes (0.95 mm)  had the low-
est and highest representative effective diameters, respectively,
and the powder had the most uniform size distribution (UC: 1.6;
Table 2). A low uniformity coefﬁcient (UC) indicates most consis-
tent gradation of particles, and thus, is recommended for ﬂuidized
bioﬁlter as there will be less relative difference between the par-
ticles that will ﬂuidize the most and the least (i.e., D10 and D90
particles, respectively) (Summerfelt, 2006). The grains and ﬂakes
matched reasonably well with the sizing information provided by
the supplier (Table 1). However, the powder, which was indicated
as having 60–80% passing through a 0.07 mm screen size, had less
than 1% ﬁner than this size with the majority of particles falling
between 0.11 and 0.07 mm (i.e., 54% fell between the #140 and
#200 mesh sizes).
The powder had an estimated Sb (32,300 m2 m−3) an order
of magnitude greater than both the grains (4110 m2 m−3) and
ﬂakes (1990 m2 m−3) (Table 2), and was also much higher
than the reported range for bioﬁlter sand (4000–20,000 m2 m−3;
Summerfelt, 2006). The Sb of the ﬂakes fell below this previously
reported sand range, while the sulfur grains were at the low end
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Fig. 1. From left, elemental sulfur ﬂakes, grains, and powder used in ﬂuidization testing.
Table 2
Particle size distribution parameters for sulfur ﬂake, grain, and powder products trialed in ﬂuidization testing.
Sulfur media Effective size Calculating size Uniformity coefﬁcient Particle speciﬁc surface area Bed speciﬁc surface area
D10‡ (mm)  D90‡ (mm)  UC Sp (m2 m−3) Sb (m2 m−3)
Powder 0.08 0.39 1.6 58,800 32,300
Grain 0.30 1.31 3.1 7470 4110
Flake  0.95 3.35 1.9 3620 1990
Sand† 0.18 0.41 1.6 22,300 12,200
† US Silica, #1 Mapleton described by Summerfelt (2006) and Davidson et al. (2008).
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i‡ Interpolated.
§ Assuming porosity, ε, of 0.45.
f the range (Table 2). Sulfur particles have a speciﬁc gravity of 2.0
ompared to 2.65 for silica sand (MSDS, 2011).
.2. Fluidization
At 60% expansion, ﬂuidization velocities ranged from less than
.2 cm s−1 for the sulfur powder to 5.0 cm s−1 for the sulfur ﬂakes,
ith 95% conﬁdence intervals suggesting statistically signiﬁcant
ifferences between the media (Fig. 3). The powder had extremely
ow ﬂuidization velocities (Fig. 3), with 60% expansion in a 30 cm
iameter bioﬁlter, for example, resulting in a bioﬁlter ﬂow rate of
.11 L s−1. Assuming an expanded bed depth of approximately 6 m
nd a corresponding volume of 0.42 m3 for this hypothetical bioﬁl-
er, the bioﬁlter hydraulic retention time (HRT) would be greater
han 60 min. However, this ﬁne powder may  present operational
ig. 2. Particle size distribution of sulfur ﬂake, grain, and powder products tested
n ﬂuidization testing.challenges including potential inability to shear bioﬁlm from the
very ﬁne particles, possible poor wettability, and aggregation.
At the other end of the spectrum, it was thought the veloci-
ties required by the ﬂakes were too high to be practical in a full
size bioﬁlter. Using the same hypothetical bioﬁlter dimensions as
above and an assumed 60% expansion (requiring 3.66 L s−1), the
ﬂakes yielded a HRT less than 2 min, likely insufﬁcient to allow
development of anaerobic conditions conductive to denitriﬁcation.
This likelihood, in conjunction with the low Sb of this media and
friability of the ﬂakes, means these ﬂakes are less than ideal for use
in a sulfur-based autotrophic denitriﬁcation ﬂuidized bioﬁlter.
As with particle size, the grains fell between other two  media
in terms of ﬂuidization velocities. The grains required higher ﬂu-
idization velocities than the sand described in Davidson et al. (2008)
and Summerfelt (2006) (Fig. 3). For 60% expansion, the sulfur grains
required a superﬁcial velocity of 1.87 cm s−1, resulting in a hypo-
thetical bioﬁlter HRT of 5.2 min  (given above bioﬁlter dimensions).
A taller bioﬁlter compared to the hypothetical dimensions used
here could increase the HRT for this media to be more conducive to
nitrate removal.
For moderately sized orders (200–1100 kg), the sulfur pow-
der and grains were $1.09 per kg (per. comm.  R. E. Carroll, Inc.,
OH, USA) and $1.06 per kg (per. comm.  Prince Agri Products,
Inc., Quincy, IL, USA), respectively. The resulting cost of greater
than $500 m−3 for both materials would be at least several times
more than the reported cost of bioﬁlter sand (≈$70–200 m−3;
Summerfelt, 2006) (Table 3). However, consideration of speciﬁc
surface area (Sb) resulted in cost efﬁciencies for sulfur powder sim-
ilar to sand ($0.02 m−2 to $0.04 m−2 versus $0.01 m−2 to $0.02 m−2,
respectively), which was much lower than sulfur grains ($0.29 m−2
to $0.33 m−2). Plastic media used in moving bed reactors was
less than the sulfur products on a volumetric cost basis, but was
the most expensive media in terms of cost per speciﬁc surface
area (Table 3). Importantly, sulfur-based autotrophic denitriﬁca-
tion reactors replace the need for supplemental organic carbon to
drive denitriﬁcation in heterotrophic-based reactors, a cost sav-
ings which is not reﬂected here. There is a need to further evaluate
these cost efﬁciencies in terms of actual nitrogen removal based
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Fig. 3. Superﬁcial velocities and corresponding bed expansions (%) for three sulfur materi
95%  conﬁdence intervals shown for each media.
Table 3
Cost metrics of four possible media for use in a denitriﬁcation reactor.
Media Volumetric cost Surface area cost (Sb)
$  USD m−3 $ USD m−2
Powder† $577 to $1398 $0.02 to $0.04
Grain‡ $1199 to $1336 $0.29 to $0.33
Sand $70 to $200 $0.01 to $0.02
European Moving Bed
Media¶
$483 $0.97
North American
Moving Bed Media#
$558 $0.92
† per. comm. R. E. Carroll, Inc., Ohio, USA (2013) with bulk density of
528–1281 kg m−3.
§ Summerfelt (2006) with Sb of 12,200 m2 m−3 for US Silica #1 Mapleton sand.
‡ per. comm.  Prince Agri Products, Inc., Quincy, Illinois, USA (2013) with bulk
density of 1120 to 1250 kg m−3.
D
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a¶ per. comm.  Anonymous supplier #1 (April 2009 and Nov 2010) at 500 m2 m−3;
1.00 = $1.38 USD.
# per. comm.  Anonymous supplier #2 (Nov 2010), including FOB, at 604 m2 m−3.
pon a more complete comparison of denitriﬁcation capability of
utotrophic sulfur-based ﬂuidized bioﬁlters versus heterotrophic
uidized sand bioﬁlters.
Water temperature is known to impact ﬂuidization of particles
ue to the importance of liquid viscosity. Cooler liquid tends to
e more viscous thus providing more ﬂuidization at a given ﬂow
ate compared to less viscous, warmer liquids (Summerfelt and
ig. 4. Effect of water temperature upon sulfur powder ﬂuidization for two temper-
ture ranges with 95% conﬁdence intervals.als and a reference sand described in Davidson et al. (2008) and Summerfelt (2006);
Cleasby, 1996). For example, 60% expansion of a sand bed at water
temperatures of 4.4 and 26.7 ◦C requires ﬂuidization velocities of
approximately 1.75 and 2.25 cm s−1, respectively (at 0 ppt salin-
ity; Summerfelt, 2006). Separation of temperature-based points
showed this trend with the sulfur powder, although the wide 95%
conﬁdence interval at the warmer temperature meant this trend
was not statistically signiﬁcant (Fig. 4). Aquaculture systems with
warmer efﬂuent may  require increased bioﬁlter ﬂow rates com-
pared to cooler RAS to achieve a given expansion. For such systems,
use of ﬁner bioﬁlter particles is especially important to prevent
reduction of bioﬁlter HRT associated with the higher ﬂuidization
ﬂow rate.
4. Conclusions
The use of ﬂuidized bioﬁlters for sulfur-based autotrophic deni-
triﬁcation is a novel and innovative concept for reduction of nitrate
in aquaculture efﬂuent. Commercially available elemental sulfur
can feasibly be used within a ﬂuidized denitriﬁcation bioﬁlter,
though not all three medias tested were recommended. The rel-
atively high ﬂuidization velocities and low Sb of the sulfur ﬂakes
meant they were far from ideal for this purpose. With an expan-
sion velocity in the same range as sand, the sulfur grains remain
an option, but their use will require a taller bioﬁlter to achieve
a reasonable HRT. The sulfur powder showed promise due to its
very high Sb, very low ﬂuidization velocities, and reasonable sur-
face area-based cost efﬁciency. However, the powder may  present
operational challenges when wetting large quantities and due
to the extremely low ﬂuidization velocities required to expand
the small particles. Further investigation of this novel technol-
ogy is necessary to elucidate the nitrate-removal performance and
cost efﬁciency of sulfur-based autotrophic denitriﬁcation ﬂuidized
bioﬁlters. Building upon this foundational presentation of media
physical properties and ﬂuidization velocities, future work should
aim to quantify changes in sulfur particles due to bioﬁlm growth
and sulfur consumption.
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